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RECOVERY: A Contaminated Sediment-Water Interaction Model
(ERDC/EL SR-D-00-1)

ISSUE: Toxic substances are known to associ-
ate strongly with fine-grained particulate matter.
Consequently, it is not surprising that contami-
nants tend to accumulate in the bottom sedi-
ments of natural waters. Important questions in
environmental impact assessment are to what
extent do these contaminated sediments influ-
ence overlying water and how the impacts can
be minimized.

RESEARCH: To more easily screen these en-
vironmental impacts, a modeling  framework
was designed to assess the impact of contami-
nated bottom sediments on surface waters and
the effectiveness of capping contaminated sedi-
ments. The present model (RECOVERY) is an
application and extension of frameworks devel-
oped previously. The model was verified
against laboratory and field data, as well as
against an analytical solution for the water and
mixed sediment layers. These comparisons in-
dicate that the model can be used as an assess-
ment tool for the “no-action” alternative and for
remediation alternatives for contaminated bot-
tom sediments.

SUMMARY: RECOVERY is a screening-
level model to assess the long-term impact of
contaminated bottom sediments on surface wa-
ters. The model couples contaminated interac-
tion between the water column and the bottom
sediment, as well as between the contaminated
and clean bottom sediments. The analysis is
intended primarily for  organic contaminants
with the assumption that the water column is
well mixed. Processes incorporated in the model
are sorption, decay, volatilization, burial, resus-
pension, settling, bioturbation, and pore-water
diffusion. The  solution  couples  contaminant
mass balance in the water column and in the
mixed sediment layer along with diffusion and
bioturbation in the deep sediment layers.

AVAILABILITY OF REPORT: The report is
available on Interlibrary Loan Service from the
U.S. Army Engineer Research and De-
velopmcdfdfdfdfdent  Center, Waterways Ex-
periment Station,  Library,  3909 Halls  Ferry
Road, Vicksburg, MS 39180-6199; telephone
(601) 634-2355.
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Preface

This report describes a screening-level model (RECOVERY) used to assess the long-term
impact of contaminated bottom sediments on surface waters and its application to evaluate
subaqueous capping of contaminated sediment. This work was conducted by the Environmental
Laboratory (EL) of the U.S. Army Engineer Research and Development Center (ERDC), Waterways
Experiment Station (WES). Funding for the research was provided under the Dredging Operations
Technical Support Program, U.S. Army Corps of Engineers. The project manager was Mr. Thomas
R. Patin.

This report was written by Dr. Carlos E. Ruiz, Water Quality and Contaminant Modeling
Branch, Environmental Processes and Effects Division, EL, Dr. Nadim M. Aziz, Clemson University,
and Dr. Paul R. Schroeder, Special Projects Group, Environmental Engineering Division (EED), EL.
Technical review of this report was provided by Dr. Tommy E. Myers and Dr. Mark S. Dortch, EL.

This study was conducted under the direct supervision of Mr. Norman R. Francingues, Chief,
EED, and under the general supervision of Dr. John Keeley, Acting Director, EL.

During publication of this report, Dr. Lewis E. Link was Acting Director of ERDC, and COL
Robin R. Cababa, EN, was Commander.

This report should be cited as follows:

Ruiz, C.E., Aziz, N.M., and Schroeder, P.R. 2000. “RECOVERY: A contaminated
sediment-water interaction model,” ERDC/EL SR-D-00-1, U.S. Army Engineer
Research and Development Center, Waterways Experiment Station, Vicksburg, MS.
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7R[LF VXEVWDQFHV DUH NQRZQ WR DVVRFLDWH VWURQJO\ ZLWK ILQHïJUDLQHG SDUWLFXODWH PDWWHU�
&RQVHTXHQWO\� LW LV QRW VXUSULVLQJ WKDW FRQWDPLQDQWV WHQG WR DFFXPXODWH LQ WKH ERWWRP VHGLPHQWV RI
QDWXUDO ZDWHUV� ,PSRUWDQW TXHVWLRQV LQ HQYLURQPHQWDO LPSDFW DVVHVVPHQW DUH WR ZKDW H[WHQW GR WKHVH
FRQWDPLQDWHG VHGLPHQWV LQIOXHQFH RYHUO\LQJ ZDWHU� DQG KRZ WKH LPSDFWV FDQ EH PLQLPL]HG�

3ROOXWDQWV LQ ERWWRP VHGLPHQWV FDQ EH UHOHDVHG E\ UHVXVSHQVLRQ RI SDUWLFOHV� PL[LQJ E\
EHQWKLF RUJDQLVPV� DQG GLIIXVLRQ IURP WKH VHGLPHQW SRUH ZDWHU� 2Q WKH RWKHU KDQG� SROOXWDQWV LQ WKH
ZDWHU FROXPQ FDQ EH WUDQVIHUUHG WR WKH VHGLPHQW OD\HU E\ VHWWOLQJ DQG WR WKH DWPRVSKHUH E\
YRODWLOL]DWLRQ� 7KH SUHVHQW SDSHU GHVFULEHV D PRGHOLQJ IUDPHZRUN WKDW LV GHVLJQHG WR DVVHVV WKH
LPSDFW RI FRQWDPLQDWHG ERWWRP VHGLPHQWV RQ VXUIDFH ZDWHUV� 7KH DQDO\VLV LV OLPLWHG WR FDVHV ZKHUH
WKH RYHUO\LQJ ZDWHU LV ZHOOïPL[HG� ,Q DGGLWLRQ� WKH FRQWDPLQDQW LV DVVXPHG WR IROORZ UHYHUVLEOH
OLQHDU HTXLOLEULXP VRUSWLRQ DQG ILUVWïRUGHU GHFD\ NLQHWLFV�

7KH SUHVHQW PRGHO �5(&29(5<� LV DQ DSSOLFDWLRQ DQG H[WHQVLRQ RI IUDPHZRUNV GHYHORSHG
SUHYLRXVO\ �%R\HU HW DO� ����� &KDSUD ����� DQG &KDSUD DQG 5HFNKRZ ������ $V VKRZQ LQ )LJXUH ��
WKH V\VWHP LV LGHDOL]HG DV D ZHOOïPL[HG VXUIDFH ZDWHU OD\HU XQGHUODLQ E\ D YHUWLFDOO\ VWUDWLILHG
VHGLPHQW FROXPQ� 7KH VHGLPHQW LV ZHOOïPL[HG KRUL]RQWDOO\ EXW VHJPHQWHG YHUWLFDOO\ LQWR D
ZHOOïPL[HG VXUIDFH OD\HU DQG GHHS VHGLPHQW� 7KH ODWWHU� LQ WXUQ� LV VHJPHQWHG LQWR OD\HUV ZLWK
YDU\LQJ WKLFNQHVVHV� SRURVLWLHV� DQG FRQWDPLQDQW FRQFHQWUDWLRQV XQGHUODLQ E\ DQ XQFRQWDPLQDWHG
UHJLRQ� 7KH GLVFUHWL]HG VHGLPHQW OD\HU FRQILJXUDWLRQ LV XVHIXO IRU FDSSLQJ VFHQDULRV DQG VLWHV ZKHUH
FRQWDPLQDWLRQ RFFXUUHG RYHU D ORQJ WLPH� WKXV� FRQWDPLQDWLRQ DSSHDUV OD\HUHG� 7KH VSHFLILFDWLRQ RI D
PL[HG VXUIDFH OD\HU LV LQFOXGHG EHFDXVH DQ XQFRQVROLGDWHG OD\HU LV RIWHQ REVHUYHG DW WKH VXUIDFH RI
VHGLPHQWV GXH WR D QXPEHU RI SURFHVVHV� LQFOXGLQJ ELRWXUEDWLRQ DQG PHFKDQLFDO PL[LQJ�
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� 1XPHULFDO 0RGHO

&RQWDPLQDQW 0DVV %DODQFHV

)RU D ZHOOïPL[HG ZDWHU FROXPQ� WKH PDVV EDODQFH IRU D VLQJOH FRQWDPLQDQW LQ WKH ZDWHU
FROXPQ FDQ EH ZULWWHQ DV
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ZKHUH 9Z  YROXPH RI ZDWHU ERG\� P�� FZ DQG FP  FRQFHQWUDWLRQV RI FRQWDPLQDQW LQ ZDWHU DQG
PL[HG VHGLPHQWV� UHVSHFWLYHO\� PJ�P�� FL  LQIORZ FRQFHQWUDWLRQ RI FRQWDPLQDQW� PJ�P�� ZKLFK
UHIOHFWV ERWK GLUHFW DQG WULEXWDU\ ORDGLQJV� W  WLPH� \HDUV� 4  IOXVKLQJ IORZ UDWH� P��\HDU� NZ  
GHFD\ UDWH FRQVWDQW RI WKH FRQWDPLQDQW LQ WKH ZDWHU� \HDUï� � NY  YRODWLOL]DWLRQ UDWH RI FRQWDPLQDQW�
\HDUï�� YV  VHWWOLQJ YHORFLW\ RI SDUWLFXODWH PDWWHU� P�\HDU� $Z DQG $P  VXUIDFH DUHDV RI ZDWHU DQG
PL[HG VHGLPHQW� UHVSHFWLYHO\� P�� )SZ  IUDFWLRQ RI WKH WRWDO FRQWDPLQDQW PDVV LQ WKH ZDWHU LQ
SDUWLFXODWH IRUP� YU  UHVXVSHQVLRQ YHORFLW\ RI VHGLPHQWV� P�\HDU� YG  GLIIXVLRQ PDVVïWUDQVIHU
FRHIILFLHQW DW WKH VHGLPHQWïZDWHU LQWHUIDFH� P�\HDU� )GSP  IUDFWLRQ RI WKH WRWDO FRQWDPLQDQW PDVV LQ
WKH PL[HG VHGLPHQW OD\HU GLVVROYHG LQ WKH SRUH ZDWHU� )GZ  IUDFWLRQ RI WKH WRWDO FRQWDPLQDQW PDVV LQ
WKH ZDWHU LQ GLVVROYHG IRUP� ¬P  SRURVLW\ RI WKH PL[HG OD\HU� DQG:  H[WHUQDO ORDGV� NJ�\HDU� ,Q
WKH DQDO\VLV LQ WKLV UHSRUW� LW LV DVVXPHG WKDW WKH PRYHPHQW RI RQH FRQWDPLQDQW LV LQGHSHQGHQW RI WKH
SUHVHQFH RI RWKHU FRQWDPLQDQWV� 7KH WHUP RQ WKH OHIWïKDQG VLGH RI WKH HTXDWLRQ UHSUHVHQWV
FRQWDPLQDQW DFFXPXODWLRQ LQ WKH ZDWHU FROXPQ� 7KH ILUVW WHUP DIWHU WKH HTXDO VLJQ UHSUHVHQWV WKH UDWH
DW ZKLFK WKH FRQWDPLQDQW LV LQWURGXFHG LQWR WKH ZDWHU ERG\� 7KH VHFRQG WHUP UHSUHVHQWV WKH RXWIORZ
UDWH RI WKH FRQWDPLQDQW E\ IOXVKLQJ IORZ� 7KH WKLUG WHUP LV UDWH RI FRQWDPLQDQW GHFD\� DQG WKH IRXUWK
WHUP LV WKH UDWH RI FRQWDPLQDQW PDVV YRODWLOL]DWLRQ� 7KH QH[W WZR WHUPV DUH UDWH RI FRQWDPLQDQW
WUDQVIHU EHWZHHQ WKH VHGLPHQWV LQ WKH ZDWHU FROXPQ DQG WKH PL[HG OD\HU DV D UHVXOW RI GHSRVLWLRQ DQG
UHVXVSHQVLRQ� UHVSHFWLYHO\� 7KH QH[W WHUP UHSUHVHQWV WKH QHW UDWHV RI FRQWDPLQDQW WUDQVIHU IURP
EHWZHHQ WKH ZDWHU FROXPQ DQG WKH PL[HG VHGLPHQW� 7KH ODVW WHUP LQ WKH HTXDWLRQ LV WKH UDWH RI SRLQW
VRXUFH LQSXW�

7R FRPSOHWH WKH UHSUHVHQWDWLRQ RI WKH LQWHUDFWLRQ EHWZHHQ FRQWDPLQDQWV LQ WKH ZDWHU FROXPQ
DQG WKH PL[HG VHGLPHQW OD\HU� WKH FRQWDPLQDQW PDVV EDODQFH LQ WKH PL[HG VHGLPHQW LV XVHG DQG LV
ZULWWHQ DV
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ZKHUH 9P  YROXPH RI PL[HG OD\HU� P�� NP  WKH GHFD\ UDWH FRQVWDQW RI WKH FRQWDPLQDQW LQ WKH PL[HG
OD\HU� \HDUï�� YE  WKH EXULDO YHORFLW\� P�\HDU� )GSV  IUDFWLRQ RI WKH WRWDO FRQWDPLQDQW PDVV LQ WKH
GHHS VHGLPHQW OD\HU GLVVROYHG LQ WKH SRUH ZDWHU� FV���  FRQWDPLQDQW FRQFHQWUDWLRQ DW WKH WRS RI WKH
GHHS FRQWDPLQDWHG OD\HU� PJ�P�� DQG ¬V  SRURVLW\ RI WKH GHHS VHGLPHQW OD\HU� ,Q (TXDWLRQ �� WKH
WHUP RQ WKH OHIWïKDQG VLGH RI WKH HTXDWLRQ UHSUHVHQWV WKH UDWH RI FRQWDPLQDQW PDVV DFFXPXODWLRQ LQ
WKH PL[HG OD\HU� 7KH ILUVW WHUP DIWHU WKH HTXDO VLJQ LV WKH GHFD\ UDWH RI WKH FRQWDPLQDQW LQ WKH PL[HG
OD\HU� 7KH QH[W WKUHH WHUPV UHSUHVHQW WKH WUDQVIHU RI FRQWDPLQDQWV EHWZHHQ WKH PL[HG OD\HU DQG WKH
ZDWHU FROXPQ DQG WKH GHHS VHGLPHQW E\ VHWWOLQJ� UHVXVSHQVLRQ� DQG EXULDO RI VHGLPHQW SDUWLFOHV� 7KH
ODVW WZR WHUPV UHSUHVHQW WKH LQWHUDFWLRQ EHWZHHQ WKH PL[HG OD\HU DQG WKH ZDWHU FROXPQ DQG WKH GHHS
VHGLPHQW E\ GLIIXVLYH WUDQVIHU�

&RXSOLQJ EHWZHHQ WKH FRQWDPLQDQWV LQ WKH PL[HG VHGLPHQW OD\HU DQG WKH GHHS VHGLPHQW WDNHV
SODFH E\ GLIIXVLYH WUDQVIHU DV ZHOO DV E\ WKH EXULDO RI FRQWDPLQDWHG SDUWLFOHV IURP WKH PL[HG VHGLPHQW
OD\HU LQWR WKH GHHS OD\HU� %RWK WKH GHHS FRQWDPLQDWHG DQG FOHDQ VHGLPHQWV FDQ EH PRGHOHG ZLWK
RQHïGLPHQVLRQDO DGYHFWLRQïGLIIXVLRQïGHFD\ HTXDWLRQV RI WKH IRUP

²FV
²W 
 )GSV 'V

²�FV
²]�

� YE
²FV
²] � NVFV ���

ZKHUH FV  WKH FRQWDPLQDQW FRQFHQWUDWLRQ LQ WKH GHHS VHGLPHQWV PJ�P�� 'V  GLIIXVLRQ UDWH LQ WKH
VHGLPHQW SRUH ZDWHU� P��\HDU� ]  GHSWK LQWR WKH VHGLPHQW� P� ZKHUH ]  � DW WKH WRS RI WKH GHHS
VHGLPHQWV� DQG NV  WKH GHFD\ UDWH FRQVWDQW RI WKH FRQWDPLQDQW LQ WKH GHHS VHGLPHQWV� \HDUï�� 7KH
WHUP RQ WKH OHIWïKDQG VLGH RI WKH HTXDWLRQ LV WKH UDWH RI FRQWDPLQDQW FRQFHQWUDWLRQ FKDQJH LQ WKH
VHGLPHQW� 7KH ILUVW WHUP DIWHU WKH HTXDO VLJQ LV WKH UDWH RI FRQWDPLQDQW WUDQVIHU E\ GLIIXVLRQ LQ WKH
VHGLPHQW SRUH ZDWHU� 7KH VHFRQG WHUP UHSUHVHQWV WKH UDWH RI FRQWDPLQDQW WUDQVIHU GXH WR VHGLPHQW
SDUWLFOH EXULDO� DQG WKH ODVW WHUP UHSUHVHQWV WKH GHFD\ UDWH RI FRQWDPLQDQWV LQ WKH SRUH ZDWHU RI WKH
GHHS VHGLPHQW�

6ROLGV %XGJHW

,Q DGGLWLRQ WR WKH FRQWDPLQDQW PDVV� WKH VHGLPHQW PDVV PXVW EH FRQVHUYHG� 7KH YHORFLW\
WHUPV YV� YU� DQG YE LQ (TXDWLRQV � DQG � DUH FRPSXWHG DFFRUGLQJ WR D VWHDG\ïVWDWH PDVV EDODQFH IRU
PL[HGïVHGLPHQW OD\HU VROLGV E\ &KDSUD DQG 5HFNKRZ ������� 7KH PDVV EDODQFH LV

� 
 YV$ZVZ � �YU� YE�$P��� ¬V�ÕS ���

ZKHUH US  WKH GHQVLW\ RI WKH VHGLPHQW SDUWLFOHV� JP�P�� 7KH IUDPHZRUN DVVXPHV WKDW VXVSHQGHG
VROLGV FRQFHQWUDWLRQ� VZ� LV JLYHQ� 7KHUHIRUH� LI WZR RI WKH WKUHH YHORFLWLHV DUH VSHFLILHG� (TXDWLRQ �
FDQ EH HPSOR\HG WR FDOFXODWH WKH WKLUG�
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,Q DGGLWLRQ WR WKHVH WUDQVIHU YHORFLWLHV� WKH RWKHU IDFHW RI WKH SK\VLFDO V\VWHP LV WKH VHGLPHQW
SRURVLW\� 'LIIHUHQW SRURVLWLHV PD\ RFFXU LQ WKH PL[HG OD\HU DQG WKH GHHS VHGLPHQWV� :LWKLQ WKH
OD\HUV RI WKH GHHS VHGLPHQW UHJLRQ� SRURVLW\ FDQ YDU\ IURP OD\HU WR OD\HU� EXW LV DVVXPHG FRQVWDQW
RYHU WLPH� 7KLV PHDQV WKDW FRPSDFWLRQ LV QRW LQFOXGHG� 7KH VDPH DUJXPHQW LV DVVXPHG IRU SDUWLFOH
GHQVLW\�

3DUDPHWHU (VWLPDWLRQ

7KH ) YDULDEOHV LQ (TXDWLRQV �ï� DUH GLPHQVLRQOHVV UDWLRV WKDW UHIOHFW KRZ WKH FRQWDPLQDQW
SDUWLWLRQV EHWZHHQ VROLG PDWWHU DQG ZDWHU DVVXPLQJ D OLQHDU VRUSWLRQ PHFKDQLVP� 'HQRWLQJ WKH
FRQWDPLQDQW DV $� WKH IUDFWLRQ RI WKH WRWDO PDVV RI FRQWDPLQDQW $ LQ WKH ZDWHU FROXPQ LQ SDUWLFXODWH
IRUP LV�

)SZ 

0DVV RI $�3DUWLFXODWH )RUP�

0DVV RI $�'LVVROYHG )RUP�� 0DVV RI $�3DUWLFXODWH )RUP�



.GZ VZ

�� .GZ VZ
���

DQG LQ GLVVROYHG IRUP LV �ï)SZ�

)GZ 

0DVV RI $�'LVVROYHG )RUP�

0DVV RI $�'LVVROYHG )RUP�� 0DVV RI $�3DUWLFXODWH )RUP�

 �

�� .GZ VZ
���

7KH IUDFWLRQ RI WKH WRWDO PDVV RI FRQWDPLQDQW $ LQ WKH PL[HG�GHHS VHGLPHQW OD\HU WKDW LV LQ WKH SRUH
ZDWHU LQ GLVVROYHG IRUP� )GS� LV�

)GS 

0DVV RI $�'LVVROYHG )RUP�

0DVV RI $�'LVVROYHG )RUP�� 0DVV RI $�3DUWLFXODWH )RUP�
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ZKHUH .GZ DQG .GV  WKH FRQWDPLQDQW SDUWLWLRQLQJ FRHIILFLHQW LQ WKH ZDWHU DQG PL[HG�GHHS VHGLPHQWV�
UHVSHFWLYHO\� P��J� VZ  VXVSHQGHG VROLGV FRQFHQWUDWLRQ LQ WKH ZDWHU� J�P�� DQG ¬ LV WKH SRURVLW\ RI
WKH PL[HG�VHGLPHQW OD\HU� 1RWH WKDW WKH PRGHO DOORZV GLIIHUHQW YDOXHV RI WKLV SDUDPHWHU WR EH
HPSOR\HG LQ WKH PL[HG OD\HU DQG WKH YHUWLFDOO\ VHJPHQWHG VHGLPHQWV �)GSP DQG )GSV��

7KH GHFD\ UDWH FRQVWDQWV� NZ� NP � DQG NV� UHSUHVHQW DOO PHFKDQLVPV IRU GHFD\ H[FHSW
YRODWLOL]DWLRQ� ZKLFK LV DFFRXQWHG IRU VHSDUDWHO\� 7KHVH PHFKDQLVPV LQFOXGH SKRWRO\VLV� K\GURO\VLV�
DQG EDFWHULDO GHJUDGDWLRQ� 7KH PDVV WUDQVIHU FRHIILFLHQW IRU GLIIXVLYH VHGLPHQWïZDWHU H[FKDQJH LV
UHODWHG WR PRUH IXQGDPHQWDO SDUDPHWHUV E\

YG 

¬'V

]�
���
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ZKHUH ]·  FKDUDFWHULVWLF OHQJWK RYHU ZKLFK WKH JUDGLHQW H[LVWV DW WKH VHGLPHQWïZDWHU LQWHUIDFH� P�
1RWH WKDW D YDOXH RI � FP LV DVVXPHG IRU ]· DIWHU 7KRPDQQ DQG 0XHOOHU ������� $OVR� 'V LV UHODWHG WR
PROHFXODU GLIIXVLYLW\� 'P� E\ WKH UHODWLRQ �%HUQHU ����� 0DQKHLP DQG :DWHUPDQ �����

'V 
 'P¬
� ���

9RODWLOL]DWLRQ UDWH

7KH YRODWLOL]DWLRQ UDWH� NY� LQ \HDUï�� LV FRPSXWHG E\

NY 
 )GZ

YY
]Z

����

ZKHUH YY  D YRODWLOL]DWLRQ WUDQVIHU FRHIILFLHQW� P�\HDU� DQG ]Z  GHSWK RI WKH ZDWHU FROXPQ� P� 7KH
YRODWLOL]DWLRQ WUDQVIHU FRHIILFLHQW FDQ EH FRPSXWHG DFFRUGLQJ WR WKH :KLWPDQ WZRïILOP WKHRU\ DV

YY 

.O.J+H

.J+H � .O

����

ZKHUH +H  D GLPHQVLRQOHVV +HQU\·V FRHIILFLHQW ZKLFK LV UHODWHG WR WKH FRPPRQ IRUP�+H·� LQ DWP
P��PROH� E\

+H 

+H

57
����

ZKHUH 5  WKH XQLYHUVDO JDV FRQVWDQW  ����� [ ��ï� DWP P���PROH E.�� DQG 7  DEVROXWH
WHPSHUDWXUH� E.� $ WHPSHUDWXUH RI ��� E. ���E&� LV DVVXPHG LQ WKH PRGHO� 7KH SDUDPHWHU .J LV D
JDVïILOPPDVV WUDQVIHU FRHIILFLHQW� P�\HDU� ZKLFK FDQ EH UHODWHG WR ZLQG VSHHG�8Z� P�V� DQG
PROHFXODU ZHLJKW�0:� J�JPROH� E\ 0LOOV HW DO� �������

.J 
 �����Æ ��
0:
É����8Z

����
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7KH SDUDPHWHU .O LV D OLTXLGïILOPPDVV WUDQVIHU FRHIILFLHQW� P�\HDU� ZKLFK FDQ EH UHODWHG WR
ZLQG VSHHG� 8Z� P�V� DQG PROHFXODU ZHLJKW�0:� J�JPROH� E\ �0LOOV HW DO� ����� %DQNV ����� %DQNV
DQG +HUUHUD �����

.O 
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0:
É����Æ�����8���
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3DUWLWLRQLQJ FRHIILFLHQW

7KH SDUWLWLRQLQJ FRHIILFLHQW IRU RUJDQLF FRQWDPLQDQWV LV FRPSXWHG YLD �.DULFNKRII� %URZQ�
DQG 6FRWW �����

.G 
 �����IRF.RZ ����

ZKHUH .G  HTXLOLEULXP SDUWLWLRQLQJ FRHIILFLHQW� /�NJ� IRF  WKH ZHLJKW IUDFWLRQ RI RUJDQLF FDUERQ LQ
WKH VROLG PDWWHU� JïRUJ&�J� DQG .RZ  RFWDQROïZDWHU SDUWLWLRQLQJ FRHIILFLHQW� �PJ�P�ïRFWDQRO��
�PJ�P�ïZDWHU�� 1RWH WKDW WKH PRGHO DVVXPHV D GHIDXOW RI ���� IRU IRF� 'LIIHUHQW YDOXHV IRU IRF DUH
DOORZHG IRU WKH ZDWHU FROXPQ� PL[HG OD\HU� DQG WKH GHHS VHGLPHQWV� $QDORJRXV WR RWKHU
SK\VLFRïFKHPLFDO FKDUDFWHULVWLFV RI WKH VHGLPHQWV� WKH IRF FDQ YDU\ ZLWK GHSWK �OD\HUV� LQ WKH GHHS
VHGLPHQWV�

1XPHULFDO 6ROXWLRQ

7KH FRXSOHG VHW RI GLIIHUHQWLDO HTXDWLRQV LV VROYHG QXPHULFDOO\� 7KH WZR ILUVWïRUGHU RUGLQDU\
GLIIHUHQWLDO HTXDWLRQV DUH VROYHG XVLQJ DQ DGDSWLYHïVWHSïVL]H� IRXUWKïRUGHU 5XQJHï.XWWD PHWKRG�
7KH SDUWLDO GLIIHUHQWLDO HTXDWLRQ LV VROYHG XVLQJ WKH &UDQNï1LFKROVRQ WHFKQLTXH�

7KH VROXWLRQ SUHVHQWHG KHUH DVVXPHV D ZHOOïPL[HG ZDWHU FROXPQ DQG VHGLPHQW FROXPQ ZLWK
WKH FRQFHQWUDWLRQ LQ ERWK EHLQJ FRQVWDQW� 7KH LQLWLDO FRQGLWLRQ IRU (TXDWLRQ � DW W  � LV
FZ  FZR  FRQVWDQW� DQG WKH LQLWLDO FRQGLWLRQ IRU (TXDWLRQ � DW W  � LV FP  FPR  FRQVWDQW� 7KH
LQLWLDO FRQGLWLRQV DW W  � IRU (TXDWLRQ � DUH

FV  FVR IRU ]P � ] � /

FV  � IRU / � ] �*

DQG WKH ERXQGDU\ FRQGLWLRQV DUH

DW ]  ]P� -  -PV

DW ]  *�
GFV
G]


 �

ZKHUH /  GLVWDQFH IURP WKH WRS RI WKH PL[HG OD\HU WR WKH ERWWRP RI WKH FRQWDPLQDWHG OD\HU� P�
-  PDVV IOX[ RI WKH FRQWDPLQDQW� J�P�ï\HDU� DQG -PV  PDVV IOX[ RI WKH FRQWDPLQDQW IURP WKH PL[HG
OD\HU WR WKH VHGLPHQW OD\HU� J�P�ï\HDU�



�

� 9HULILFDWLRQ

0RGHO 9HULILFDWLRQ :LWK $QDO\WLFDO 6ROXWLRQ

&KDSUD ������ SUHVHQWV DQ DQDO\WLFDO VROXWLRQ WR (TXDWLRQV � DQG �� 7KH VROXWLRQ LV EDVHG RQ
WKH /DSODFH WUDQVIRUP RI WKH GLIIHUHQWLDO HTXDWLRQV� 7KLV VROXWLRQ GRHV QRW DFFRXQW IRU WKH GHHS
VHGLPHQW OD\HU LQ ZKLFK FRQWDPLQDQW IOX[ LV FRQWUROOHG E\ GLIIXVLRQ� ,Q RUGHU WR FRPSDUH WKH
QXPHULFDO VROXWLRQ RI (TXDWLRQV � DQG � ZLWK WKH DQDO\WLFDO VROXWLRQ SUHVHQWHG LQ &KDSUD ������� RQO\
WKH WRS WZR OD\HUV� D ZDWHU OD\HU DQG D PL[HG VHGLPHQW OD\HU� DUH XVHG IRU WKH VLPXODWLRQ� 2EYLRXVO\�
VLQFH WKH PRGHO SUHVHQWHG LQ WKLV UHSRUW LQFOXGHV D GHHS VHGLPHQW OD\HU� WKH HIIHFW RI WKLV OD\HU RQ WKH
FRQWDPLQDQW PDVV LQ WKH ZDWHU DQG PL[HG VHGLPHQW PXVW EH DVVHVVHG� 7KH GDWD XVHG IRU WKLV
FRPSDULVRQ DUH VKRZQ LQ 7DEOH ��

7KH ILUVW FRPSDULVRQ LV VKRZQ LQ )LJXUH �� ZKLFK LV D SORW RI WKH WLPH YDULDWLRQ RI
FRQWDPLQDQW FRQFHQWUDWLRQ LQ WKH ZDWHU FROXPQ� 7KH VROLG OLQH UHSUHVHQWV WKH DQDO\WLFDO VROXWLRQ�
ZKLOH WKH RWKHU OLQHV UHSUHVHQW WKH QXPHULFDO VLPXODWLRQ IRU D GHHS VHGLPHQW OD\HU ZLWK WKH VDPH
FRQWDPLQDQW FRQFHQWUDWLRQ DV WKH PL[HG OD\HU DQG ZLWK ]HUR FRQFHQWUDWLRQ RI FRQWDPLQDQWV� )RU WKH
FDVH ZKHQ WKH GHHS VHGLPHQW OD\HU KDV WKH VDPH FRQFHQWUDWLRQ DV WKH PL[HG OD\HU� WKH IOX[ RI
FRQWDPLQDQWV EHWZHHQ WKHVH WZR OD\HUV ZLOO QRW DIIHFW WKH FRQWDPLQDQW FRQFHQWUDWLRQ LQ WKH ZDWHU
FROXPQ DW WKH LQLWLDO VWDJH EXW ZLOO VKRZ WKH LPSDFW DIWHU VRPH WLPH GXH WR WKH IOX[ RI FRQWDPLQDQWV
EHWZHHQ WKH PL[HG OD\HU DQG WKH GHHS VHGLPHQW OD\HU� ,Q WKLV FDVH� FRQWDPLQDQW ORVV IURP WKH PL[HG
OD\HU WR WKH XQGHUO\LQJ VHGLPHQW E\ GLIIXVLRQ LV UHGXFHG GXH WR WKH VPDOO FRQFHQWUDWLRQ JUDGLHQW
EHWZHHQ WKHVH OD\HUV� KHQFH� PRUH FRQWDPLQDQW PDVV LV DYDLODEOH IRU LQWHUDFWLRQ ZLWK RYHUO\LQJ ZDWHU
FROXPQ� 7KLV LV HYLGHQW LQ )LJXUH �� ZKLFK VKRZV WKDW WKH QXPHULFDO PRGHO SUHGLFWV KLJKHU
FRQFHQWUDWLRQV DIWHU VHYHUDO \HDUV RI VLPXODWLRQ� 7KH WKLUG OLQH VKRZQ LQ )LJXUH � LV IRU WKH FDVH
ZKHQ WKH FRQFHQWUDWLRQ RI FRQWDPLQDQWV LQ WKH GHHS VHGLPHQW LV ]HUR� 7KLV VLWXDWLRQ ZLOO FDXVH D IOX[
RI FRQWDPLQDQWV IURP WKH PL[HG OD\HU LQWR WKH XQGHUO\LQJ VHGLPHQW OD\HU FDXVLQJ OHVV FRQWDPLQDQW
PDVV LQ WKH PL[HG OD\HU WR EH DYDLODEOH IRU LQWHUDFWLRQ ZLWK WKH ZDWHU FROXPQ� $IWHU VHYHUDO \HDUV RI
VLPXODWLRQ� FRQWDPLQDQW PDVV LQ WKH PL[HG OD\HU DQG LQ WKH GHHS VHGLPHQW FRQWLQXHV WR SURYLGH
FRQWDPLQDQWV IRU LQWHUDFWLRQ ZLWK WKH ZDWHU FROXPQ� 7KLV LV HYLGHQW LQ WKH VOLJKWO\ ODUJHU
FRQFHQWUDWLRQ RI FRQWDPLQDQWV SUHGLFWHG E\ WKH QXPHULFDO PRGHO DIWHU D ORQJ WLPH RI VLPXODWLRQ�

)LJXUH � VKRZV WKH FRQWDPLQDQW PDVV LQ WKH PL[HG OD\HU DV SUHGLFWHG E\ WKH DQDO\WLFDO PRGHO
DQG WKH QXPHULFDO PRGHO IRU WKH VDPH FRQFHQWUDWLRQV DV GLVFXVVHG DERYH� 7KH LPSDFW RI WKH SUHVHQFH
RI WKH GHHS VHGLPHQW FDQ EH H[SODLQHG DV DERYH�



�

7DEOH �� 9DOXHV 8VHG LQ WKH &RPSDULVRQ RI 5(&29(5<

3DUDPHWHU 9DOXH

:DWHU &ROXPQ

)ORZ WKURXJK �P��\HDU� �[���

6XUIDFH DUHD �P�� �[���

'HSWK �P� ��

6XVSHQGHG VHGLPHQW FRQFHQWUDWLRQ �J�P�� �

:HLJKW IUDFWLRQ RI FRQWDPLQDQW LQ VROLG ����

,QLWLDO FRQWDPLQDQW FRQFHQWUDWLRQ �³J�P�� �

0L[HG /D\HU

7KLFNQHVV �FP� �

6XUIDFH DUHD �P�� �[���

3RURVLW\ ���

:HLJKW IUDFWLRQ RI FRQWDPLQDQW LQ VROLG ����

,QLWLDO FRQWDPLQDQW FRQFHQWUDWLRQ �³J�P�� ����

6HGLPHQW /D\HU

7KLFNQHVV �P� $9 �

3RURVLW\ ���

:HLJKW IUDFWLRQ RI FRQWDPLQDQW LQ VROLG ����

,QLWLDO FRQWDPLQDQW FRQFHQWUDWLRQ �³J�P�� � 	 ����

6HGLPHQW 3URSHUWLHV

'HQVLW\ LQ PL[HG OD\HU �J�P�� ���[���

'HQVLW\ LQ VHGLPHQW OD\HU �J�P�� ���[���

6HWWOLQJ YHORFLW\ �P�\HDU� ��

%XULDO YHORFLW\ �P�\HDU� ������

&RPSRXQG 3URSHUWLHV

0ROHFXODU GLIIXVLYLW\ �FP��VHF� �[��ï�

'HFD\ FRHIILFLHQW� SDUWLFXODWH LQ ZDWHU �\HDUï�� �

'HFD\ FRHIILFLHQW� GLVVROYHG LQ ZDWHU �\HDUï�� �

'HFD\ FRHIILFLHQW� SDUWLFXODWH LQ PL[HG OD\HU �\HDUï�� �

'HFD\ FRHIILFLHQW� GLVVROYHG LQ PL[HG OD\HU �\HDUï�� �

'HFD\ FRHIILFLHQW� SDUWLFXODWH LQ GHHS VHGLPHQW �\HDUï�� �

'HFD\ FRHIILFLHQW� GLVVROYHG LQ GHHS VHGLPHQW �\HDUï�� �

+HQU\·V FRQVWDQW �DWPïP��JPROH� ���[��ï�

2FWDQROïZDWHU SDUWLWLRQLQJ FRHI� �PJ�P�ïRFWDQRO�PJ�P�ïZDWHU� �[���

0ROHFXODU ZHLJKW �J�JPROH� �����
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0RGHO 9HULILFDWLRQ ZLWK /DERUDWRU\ 'DWD

0RGHO VLPXODWLRQV ZHUH FRPSDUHG WR VKRUWïWHUP ODERUDWRU\ H[SHULPHQWDO GDWD WR HYDOXDWH WKH
DFFXUDF\ DQG WKH DSSOLFDELOLW\ RI WKH PRGHO LQ SUHGLFWLQJ GHVRUSWLRQ� GLIIXVLRQ� DQG GHJUDGDWLRQ
NLQHWLFV� ,Q WKH H[SHULPHQWDO SKDVH� UDGLRïODEHOOHG QDSKWKDOHQH ZDV VHOHFWHG DV D WUDFHU WR GHWHUPLQH
WKH UDWH DQG PDJQLWXGH RI FRQWDPLQDQW PRELOL]DWLRQ IURP :D\QH &RXQW\� ,QGLDQD� UHVHUYRLU VHGLPHQW�
'DWD IURP WKH H[SHULPHQWDO SKDVH ZHUH XVHG WR YHULI\ DQG DVVHVV WKH DFFXUDF\ RI WKH PRGHO LQ
SUHGLFWLQJ GHVRUSWLRQ DQG GHJUDGDWLRQ� 7KH PRGHO ZDV PRGLILHG WR EH PRUH DSSOLFDEOH WR ODERUDWRU\
PLFURFRVP VHWWLQJV DQG VKRUWïWHUP VFHQDULRV �� GD\V��

7R FRPSDUH WKH ODERUDWRU\ UHVXOWV ZLWK VLPXODWLRQ UHVXOWV RI 5(&29(5<� VHYHUDO GHFD\
FRHIILFLHQWV ZHUH WHVWHG WR GHWHUPLQH WKH YDOXH WKDW EHVW ILWV WKH GDWD� 7KHVH YDOXHV ZHUH EDVHG RQ
KDOIïOLIH YDOXHV IURP ILHOG GDWD UHSRUWHG E\ +RZDUG HW DO� ������ LQ ZKLFK QDSKWKDOHQH·V KDOIïOLIH
YDULHG IURP �� WR ��� KU� )RU D VORZ GHFD\ UDWH FRUUHVSRQGLQJ WR D KDOIïOLIH RI ��� KU� QDSKWKDOHQH
GHVRUSWLRQ GLG QRW FRPSDUH IDYRUDEO\ ZLWK H[SHULPHQWDO GDWD VKRZQ LQ )LJXUH �� 7KH PRGHO WHQGHG
WR RYHUSUHGLFW QDSKWKDOHQH GHVRUSWLRQ DQG NLQHWLF WUHQGV� 7KH SUHGLFWHG GHVRUSWLRQ NLQHWLFV H[KLELWHG
D VORZ DQG VWHDG\ LQFUHDVH WKDW UHDFKHG HTXLOLEULXP EHWZHHQ GD\V � DQG �� DW DSSUR[LPDWHO\
��� PJ�P�� 2Q WKH RWKHU KDQG� WKH H[SHULPHQWDO GDWD VKRZHG WKDW HTXLOLEULXP ZDV UHDFKHG ZLWKLQ
�� KU DW DSSUR[LPDWHO\ ��� PJ�P�� 7KLV LQGLFDWHG WKDW QDSKWKDOHQH LQ WKH VDPSOH GHFD\V IDVWHU� L�H��
LWV KDOIïOLIH LV VPDOOHU WKDQ ��� KU� 6HYHUDO KDOIïOLIH YDOXHV ZHUH XVHG� DQG WKH UHVXOWV LQGLFDWHG WKDW D
KDOIïOLIH RI �� KU EHVW UHSUHVHQWV WKH GHFD\ WUHQGV H[KLELWHG LQ WKH ODERUDWRU\�

0

1

2

3

4

5

6

0 2 4 6 8

Time (days)

C
on

ce
nt

ra
tio

n 
(m

g/
m

3 )

Observed
Predicted (12-hr half-life)
Predicted (48-hr half-life)
Predicted (480-hr half-life)

)LJXUH �� 1DSKWKDOHQH FRQFHQWUDWLRQV LQ WKH DTXHRXV SKDVH



��

)LHOG 9HULILFDWLRQ

7KH 5(&29(5< PRGHO ZDV DSSOLHG WR DQDO\]H D ILHOGïVFDOH H[SHULPHQW LQ ZKLFK D IORRGHG
OLPHVWRQH TXDUU\ ZDV GRVHG ZLWK HTXDO TXDQWLWLHV RI WKH LQVHFWLFLGHV ''( DQG OLQGDQH� 7KH VDPH
H[SHULPHQW ZDV SUHYLRXVO\ DQDO\]HG ZLWK D WLPH YDULDEOH PRGHO E\ 'L 7RUR DQG 3DTXLQ ������ ZLWK
JRRG UHVXOWV�

7KH VWXG\ ZDV FRQGXFWHG LQ WZR IORRGHG OLPHVWRQH TXDUULHV ORFDWHG QHDU WKH WRZQ RI 2ROLWLF
LQ %HGIRUG &RXQW\� ,QGLDQD� 7KH TXDUULHV ZHUH DOORZHG WR IORRG QDWXUDOO\ IRU � \HDUV EHIRUH EHLQJ
GRVHG ZLWK OLQGDQH DQG ''(� 2QH TXDUU\ ZDV H[SHULPHQWDOO\ GRVHG �TXDUU\ 7�� DQG WKH VHFRQG ZDV
XVHG DV WKH FRQWURO �TXDUU\ &� �:D\EUDQW ������ 4XDUU\ 7 ZDV ��� IW ����� P� ORQJ� ��� IW ����� P�
ZLGH� DQG DQ DYHUDJH RI �� IW ����� P� GHHS� 4XDUU\ 7 ZDV WKH VPDOOHU RI WKH WZR LQ DUHD ZLWK
H[WUHPHO\ FOHDU ZDWHU DQG D JHQHUDOO\ IODW ERWWRP� 7KH DYHUDJH 6HFFKL GLVF UHDGLQJ IRU TXDUULHV &
DQG 7 ZDV �� IW ���� P�� %RWK TXDUULHV H[KLELWHG WKHUPDO VWUDWLILFDWLRQ IURP 0DUFK WR 1RYHPEHU�

7KH UHODWLYHO\ VRIW DQG VOLJKWO\ DONDOLQH ZDWHU IRXQG LQ WKH TXDUULHV WHQGV WR LQGLFDWH WKDW WKH
TXDUULHV UHFHLYHG YHU\ OLWWOH JURXQGZDWHU �:D\EUDQW ������ 7KH ZDWHU FKHPLVWU\ DQG SK\VLFDO
FKDUDFWHULVWLFV RI WKH TXDUULHV LQGLFDWHG WKDW WKH TXDUULHV ZHUH SULPDULO\ ILOOHG ZLWK UDLQZDWHU DQG
UXQRII ZDWHU ZKLFK GLG QRW SHUFRODWH WKURXJK WKH OLPHVWRQH WR WKH JURXQGZDWHU�

7KH ERWWRP PDWHULDO LQ TXDUU\ 7 ZDV PDGH XS RI � WR � FP RI ILQH EURZQLVK J\WWMD XQGHUODLG
E\ D ZKLWH LQRUJDQLF PL[WXUH RI OLPHVWRQH GXVW DQG VLOLFD VDQG �:D\EUDQW ������ ,Q JHQHUDO� WKH WRS
VHGLPHQW OD\HUV ZHUH DHURELF� 7KH PXG OD\HU FRQWDLQHG RQ WKH DYHUDJH � SHUFHQW VDQG� �� SHUFHQW
VLOW� DQG �� SHUFHQW FOD\�

4XDUU\ 7 ZDV WUHDWHG ZLWK OLQGDQH DQG ''( DW D FRQFHQWUDWLRQ RI ��� PJ�P� WR WKH
HSLOLPQLRQ RU ���� PJ�P� RYHUDOO ������� J RI ''( DQG ������ J RI OLQGDQH� �:D\EUDQW ������ 7KH
TXDUULHV ZHUH DQDO\]HG DIWHU WKH WUHDWPHQW� DQG WKH UHVXOWV VKRZHG WKDW HVVHQWLDOO\ DOO RI WKH
LQVHFWLFLGHV ZHUH LQLWLDOO\ UHOHDVHG LQ WKH HSLOLPQLRQ� 7KH TXDUULHV ZHUH SHULRGLFDOO\ VDPSOHG� DQG WKH
UHVXOWV DUH SUHVHQWHG LQ 7DEOH �� %RWK ZDWHU DQG ERWWRP VHGLPHQWV ZHUH DQDO\]HG IRU ''( DQG
OLQGDQH� 7KH UHVXOWV IRU LQVHFWLFLGHV LQ WKH ERWWRP VHGLPHQW PDWHULDO DUH VKRZQ LQ 7DEOH ��

7KH FRQFHQWUDWLRQ RI ''( DQG OLQGDQH UHPDLQLQJ LQ WKH ZDWHU FROXPQ DIWHU � GD\V GLIIHUHG
VLJQLILFDQWO\ �7DEOH ��� VKRZLQJ GLIIHUHQW WUDQVSRUW PHFKDQLVPV E\ WKH WZR LQVHFWLFLGHV� $IWHU GD\ �
D VLJQLILFDQW UXQRII HYHQW RFFXUUHG LQ TXDUU\ 7� ZDVKLQJ D VLJQLILFDQW DPRXQW RI VHGLPHQW LQWR WKH
TXDUU\� 7KH VXVSHQGHG VHGLPHQW ORDG FDXVHG WKH ''( FRQFHQWUDWLRQ LQ WKH ZDWHU FROXPQ WR GHFUHDVH
DV VXVSHQGHG VROLGV DQG WKH DGVRUEHG ''( VHWWOHG WR WKH ODNH ERWWRP� ''( K\GURSKRELF SURSHUWLHV
FDXVH DIILQLW\ WR VXVSHQGHG VROLGV DQG RUJDQLF PDWWHU� ZKLOH OLQGDQH� D PRUH SRODU FRPSRXQG� WHQGV WR
KDYH KLJKHU DIILQLW\ IRU ZDWHU�

2YHU WKH VDPSOLQJ SHULRG DQ H[WUHPHO\ UDSLG GLVWULEXWLRQ RI ''( LQ WKH ZDWHU FROXPQ ZDV
QRWHG DV RSSRVHG WR DQ ��ïSHUFHQW UHWHQWLRQ RI OLQGDQH LQ WKH VXUIDFH OD\HUV �:D\EUDQW ������ 7KH
TXDUU\ XQGHUZHQW WXUQRYHU DW GD\ ���� ZKHQ WKH ''( DQG OLQGDQH GLVWULEXWLRQ LQ WKH ZDWHU FROXPQ
ZDV HVVHQWLDOO\ KRPRJHQHRXV �7DEOH ��� 7KH OLQGDQH FRQFHQWUDWLRQ LQ WKH ZDWHU FROXPQ GHFUHDVHG
XQWLO GD\ ���� DIWHU ZKLFK WKH LQVHFWLFLGH FRQFHQWUDWLRQ UHPDLQHG FRQVWDQW XQWLO WKH VDPSOH DIWHU WKH
IROORZLQJ VSULQJ�

''( DQG OLQGDQH ZHUH ERWK GHWHFWHG LQ WKH ERWWRP VHGLPHQWV DW VLJQLILFDQWO\ KLJKHU
FRQFHQWUDWLRQV DIWHU WKH LQLWLDO SHVWLFLGH ORDGLQJ� +RZHYHU� WKH XOWLPDWH IDWHV RI ERWK SHVWLFLGHV ZHUH
FRQVLGHUDEO\ GLIIHUHQW� ''(� D PRUH K\GURSKRELF FRPSRXQG� ZDV UDSLGO\ GHSRVLWHG LQ WKH ERWWRP
VHGLPHQWV �7DEOH ��� ZKLOH OLQGDQH FRQFHQWUDWLRQ QHYHU UHDFKHG WKH UHODWLYHO\ KLJK OHYHOV REVHUYHG
ZLWK ''(�

''( SHDNHG DW �� PJ�P� LQ WKH ERWWRP VHGLPHQWV� ZKLOH OLQGDQH OHYHOV GLG QRW H[FHHG
��� PJ�P� LQ WKH VHGLPHQWV� %RWK FRPSRXQGV UHDFKHG WKH KLJKHVW OHYHO LQ WKH VHGLPHQWV EHWZHHQ
GD\ �� DQG GD\ ��� ZLWK OLQGDQH SHQHWUDWLQJ WKH ORZHU GHSWK RI WKH ERWWRP VHGLPHQWV ZKLOH ''(
UHPDLQHG PRVWO\ RQ WKH WRS OD\HU�
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7DEOH �� &RQFHQWUDWLRQV RI ''( DQG /LQGDQH LQ WKH :DWHU &ROXPQ
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1RWH� 6'  VWDQGDUG GHYLDWLRQ� ;  PHDQ �:D\EUDQW ������

6RPH LPSRUWDQW QRWHV IURP WKH IORRGHG TXDUU\ H[SHULPHQW ZHUH WKH VLJQLILFDQWO\ KLJKHU
ZDWHU FROXPQ FRQFHQWUDWLRQ RI OLQGDQH� DQ RUGHU RI PDJQLWXGH DERYH ''( DW WKH HQG RI WKH VWXG\� WKH
VLJQLILFDQWO\ ORZHU VHGLPHQW FRQFHQWUDWLRQ RI OLQGDQH WKDQ RI ''(� ZLWK OLQGDQH SHQHWUDWLQJ WR WKH
GHHSHU VHGLPHQW OD\HU RI ��� WR ��� FP� DQG WKH QRQH[LVWHQFH RI D SURQRXQFHG YHUWLFDO OLQGDQH
FRQFHQWUDWLRQ JUDGLHQW LQ WKH VHGLPHQW SURILOH�

$SSUR[LPDWHO\ � \HDUV DIWHU WKH LQLWLDO GRVLQJ RI WKH TXDUU\� RQ -XQH ��� ����� VHYHUDO
VHGLPHQW VDPSOHV ZHUH FROOHFWHG DQG DQDO\]HG IRU ''( �'L 7RUR DQG 3DTXLQ ������ 7KH ''(
FRQFHQWUDWLRQ PHDVXUHG LQ WKDW VDPSOLQJ HYHQW UDQJHG IURP ��� WR ���� PJ�P� IRU RQH VDPSOH DQG
IURP ��� WR ��� PJ�P� IRU DQRWKHU� 7KH ZDWHU FROXPQ ZDV VDPSOHG DW WKH VDPH WLPH� EXW WKH
GHWHFWLRQ OLPLW RI WKH DQDO\VLV ZDV �� ³J�P� �'L 7RUR DQG 3DTXLQ ������ 7KH ���� VDPSOHV ZHUH QRW
DQDO\]HG IRU OLQGDQH�

5DWH FRHIILFLHQWV

7R VLPXODWH WKH IORRGHG TXDUU\ ZLWK WKH 5(&29(5< PRGHO� WKH EDVLF DVVXPSWLRQV RI WKH
PRGHO QHHG WR EH VDWLVILHG� 7KH ILUVW DVVXPSWLRQ� WKH ZDWHU ERG\ LV ZHOOïPL[HG� PLJKW EH VDWLVILHG
DIWHU GD\ ��� �7DEOH �� DQG GHILQLWHO\ DW GD\ ���� )RU WKH DSSOLFDWLRQ RI 5(&29(5<� WKH VLPXODWLRQ
ZDV SHUIRUPHG IURP GD\V �� DQG ���� D WLPH ZKHUH WKH SHVWLFLGH SURILOH VHHPV IDLUO\ XQLIRUP� 7KH
VHGLPHQWV DUH WKH RQO\ VRXUFH RI WKH FRQWDPLQDQW WR WKH ZDWHU ERG\ DW GD\ �� IRU ''( DQG GD\ ���
IRU OLQGDQH� $W WKRVH GD\V WKH FRQFHQWUDWLRQ LQ WKH VHGLPHQW SHDNV IRU HDFK RI WKH VLPXODWHG
FRPSRXQGV� 2QFH WKH FRQFHQWUDWLRQ SHDNV LQ WKH VHGLPHQW� WKH ZDWHU FDQ QR ORQJHU EH D VRXUFH RI
FRQWDPLQDQW �TXDVLïHTXLOLEULXP LV WHPSRUDULO\ HVWDEOLVKHG� XQOHVV D FRQVLGHUDEOH ORVV RI FRQWDPLQDQW
LV RFFXUULQJ LQ WKH VHGLPHQWV�
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7DEOH �� &RQFHQWUDWLRQV RI ''( DQG /LQGDQH LQ WKH %RWWRP 6HGLPHQWV
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7KH LQLWLDO FRQFHQWUDWLRQ RI WKH FRPSRXQG LQ WKH FRQWDPLQDWHG UHJLRQ LV XQLIRUP WKURXJKRXW
WKDW UHJLRQ DIWHU GD\V �� DQG ���� 7KH VHGLPHQWV DUH XQLIRUP� ZLWKLQ WKH DQDO\WLFDO PHDVXUHPHQWV�
DQG LQ WKH GHHSHU VHGLPHQWV WKH FRQFHQWUDWLRQ YDULHV LQ WKH YHUWLFDO GLUHFWLRQ RQO\� 7KHUHIRUH� WKH
5(&29(5< VLPXODWLRQV VWDUWHG� WLPH  �� DW GD\ �� IRU ''( DQG GD\ ��� IRU OLQGDQH�

,QLWLDO ZDWHU FRQFHQWUDWLRQ IRU OLQGDQH ZDV VHW WR ���� ³J�P� DQG ��� ³J�P� IRU ''(� 7KH
LQLWLDO VHGLPHQW FRQFHQWUDWLRQ ZDV VHW WR ���� ³J�P� IRU ''( DQG ���� ³J�P� IRU OLQGDQH� :LWKLQ WKH
DQDO\WLFDO SUHFLVLRQ RI WKH GDWD DQG WKH FROOHFWLRQ VFKHPH� WKH DERYH YDOXHV VHHP WR EH UHSUHVHQWDWLYH
RI WKH LQLWLDO FRQGLWLRQV IRU WKH TXDUU\ H[SRVXUH� 7KH LQIORZ WR WKH TXDUU\ ZDV HVWLPDWHG WR EH
LQVLJQLILFDQW LQ FRPSDULVRQ WR WKH RYHUDOO YROXPH RI ZDWHU LQ WKH TXDUU\ �'L 7RUR DQG 3DTXLQ ������
7KH ZDWHU GHSWK LQ WKH TXDUU\ ZDV ���� P� DQG WKH TXDUU\ FRQWDLQHG ���� [ ��� P� RI ZDWHU
�:D\EUDQW ������

7KH GHSWK RI WKH PL[HG VHGLPHQW OD\HU ZDV VHW WR ��� FP IRU ''( DQG ��� IRU OLQGDQH� VLQFH
''( ZDV QRW GHWHFWHG DW VXEVWDQWLDO OHYHOV EHORZ ��� FP� ,Q WKLV FDVH� WKH GHSWK RI WKH GHHS
FRQWDPLQDWHG VHGLPHQWV ZDV VHW WR WKH DOORZDEOH PLQLPXP� ZKLFK ZDV ���� P ����� P IRU WKH
OLQGDQH UXQ� EHORZ ZKLFK 5(&29(5< FDQ EHFRPH XQVWDEOH� 6XVSHQGHG VROLGV ZHUH VHW WR � PJ�/
EDVHG RQ DQ DQDO\VLV E\ 'L 7RUR DQG 3DTXLQ ������ RQ 6HFFKL GLVF UHDGLQJV DQG VHGLPHQW WUDS GDWD�
5HVXVSHQVLRQ ZDV VHW WR ]HUR� WKH EXULDO YHORFLW\ ZDV VHW WR ��� [ ��ï� P�\HDU� DQG WKH VHWWOLQJ
YHORFLW\ ZDV HVWLPDWHG IURP WKH VROLGV PDVV EDODQFH LQ 5(&29(5<� 7KH HVWLPDWHG YDOXH ZDV
���� P�\HDU� %RWK WKH VHWWOLQJ YHORFLW\ DQG WKH EXULDO YHORFLW\ ZHUH ZLWKLQ WKH UDQJH UHSRUWHG E\
&KDSUD �������

7KH SDUWLWLRQLQJ FRHIILFLHQW IRU ''( ZDV FRPSXWHG DV ������� /�NJ EDVHG RQ DQ DVVXPHG
RUJDQLF FRQWHQW RI ���� �ZHLJKW IUDFWLRQ� DQG DQ RFWDQRO�ZDWHU SDUWLWLRQLQJ FRHIILFLHQW RI � [ ���

�PJ�P�ïRFWDQRO���PJ�P�ïZDWHU�� 7KH PROHFXODU GLIIXVLYLW\ ZDV VHW WR WKH GHIDXOW RI � [ ��ï�

FP��VHF� WKH FDOFXODWHG YRODWLOL]DWLRQ UDWH IRU ''( ZDV ���� SHU \HDU� DQG WKH GHJUDGDWLRQ UDWH ZDV VHW
WR ]HUR IRU ''( �KDOIïOLIH RI �� \HDUV �+RZDUG HW DO� �������

)RU OLQGDQH WKH YRODWLOL]DWLRQ UDWH ZDV ���� [ ��ï� SHU \HDU� DQG WKH GHJUDGDWLRQ UDWH ZDV VHW
WR ��� SHU \HDU LQ ERWK WKH ZDWHU FROXPQ DQG WKH VHGLPHQWV� 7KH GHJUDGDWLRQ UDWH DJUHHV ZLWK WKH
YDOXH RI �������GD\ XVHG E\ 'L 7RUR DQG 3DTLQ ������ LQ WKHLU DSSOLFDWLRQ�

6LPXODWLRQ UHVXOWV

7KH SK\VLFDO DQG FKHPLFDO SDUDPHWHUV HVWLPDWHG DQG VHOHFWHG LQ WKH SUHYLRXV VHFWLRQ ZHUH
XVHG LQ WKH VLPXODWLRQ RI ''( DQG OLQGDQH LQ D IORRGHG OLPHVWRQH TXDUU\� 5HVXOWV IURP WKH LQLWLDO
H[SHULPHQW DQG IROORZïXSZRUN ZHUH XVHG WR FRPSDUH DJDLQVW WKH VLPXODWLRQ IURP 5(&29(5<�

7KH VLPXODWHG DQG REVHUYHG OLQGDQH GLVWULEXWLRQV DUH VKRZQ LQ )LJXUHV � DQG � IRU ZDWHU DQG
ERWWRP VHGLPHQWV� UHVSHFWLYHO\� /LQGDQH GHFUHDVHV IURP �� ³J�P� WR OHVV WKDQ � ³J�P� DIWHU � \HDUV
LQ WKH ZDWHU FROXPQ� /LQGDQH LQ WKH VHGLPHQW GHFUHDVHV IURP ���� PJ�P� WR EHORZ � PJ�P� DIWHU
� \HDUV�

)LJXUHV � DQG � VKRZ WKH ''( FRQFHQWUDWLRQ LQ WKH ZDWHU FROXPQ DQG VHGLPHQW EHG�
UHVSHFWLYHO\� ,QLWLDOO\ ''( ZDV WUDQVIHUUHG WR WKH VHGLPHQW EHG E\ GHSRVLWLRQ RI VXVSHQGHG VHGLPHQW
FRQWDPLQDWHG ZLWK ''( IURP WKH TXDUU\ LQLWLDO DSSOLFDWLRQ� $IWHU WKH LQLWLDO ORDGLQJ WR WKH EHG� WKH
SURFHVV UHYHUVHV RQFH WKH ZDWHU FROXPQ FRQFHQWUDWLRQ VWDUWV GHFUHDVLQJ EHFDXVH RI WKH ORVV RI ''(
E\ YRODWLOL]DWLRQ� $W WKLV SRLQW WKH VHGLPHQW EHG EHFRPHV WKH VRXUFH RI ''( IRU WKH ZDWHU FROXPQ�
VLQFH WKHUH LV QR GHJUDGDWLRQ LQ WKH EHG� WKH RQO\ UHPRYDO PHFKDQLVP LV YRODWLOL]DWLRQ� &RQWUDU\ WR
OLQGDQH� ZKHUH WKH SHVWLFLGH ZDV PRVWO\ LQ WKH ZDWHU FROXPQ� ''( LV PRVWO\ LQ WKH EHG� WKXV� LW WDNHV
ORQJHU WR FOHDQ WKH EHG WKDQ LW GRHV WR FOHDQ WKH ZDWHU� ,I GHJUDGDWLRQ LQ WKH VHGLPHQW EHG ZHUH
VLJQLILFDQW� WKHQ D PXFK IDVWHU FOHDQXS ZRXOG RFFXU�

''( LQ WKH ZDWHU FROXPQ DIWHU � \HDUV DJUHHV YHU\ ZHOO ZLWK 'L 7RUR·V �'L 7RUR DQG 3DTXLQ
����� SUHGLFWLRQ RI OHVV WKDQ � ³J�P� �)LJXUH ��� ,Q WKH VHGLPHQW� WKH VLPXODWLRQ �)LJXUH �� VKRZV
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JRRG DJUHHPHQW ZLWK WKH ILHOG GDWD� EXW D OLWWOH KLJKHU WKDQ 'L 7RUR·V UHVXOW RI ��� PJ�P� �'L 7RUR
DQG 3DTXLQ ������ +RZHYHU� ERWK PRGHOV SUHGLFW D VHGLPHQW FRQFHQWUDWLRQ DIWHU �� \HDUV RI
DSSUR[LPDWHO\ � PJ�P�� )LJXUHV � DQG �� SUHVHQW D VHFRQG VLPXODWLRQ RI ''( LQ WKH ZDWHU DQG
VHGLPHQW EHG� UHVSHFWLYHO\� 3RURVLW\ LQ WKH PL[HG EHG ZDV LQFUHDVHG WR ��� DQG WKH GHJUDGDWLRQ RI
''( LQ WKH ZDWHU ZDV VHW WR ��� SHU \HDU WR DFFRXQW IRU SKRWRGHJUDGDWLRQ RI ''(� 7KH YDOXH RI
����\HDU LV VLPLODU WR WKH RQH XVHG E\ 'L 7RUR� ������GD\ ������\HDU� �'L 7RUR DQG 3DTXLQ ������
7KLV VLPXODWLRQ DJUHHV PRUH FORVHO\ ZLWK WKH RWKHU PRGHO UHVXOWV DQG VKRZV UHPDUNDEOH DJUHHPHQW
ZLWK WKH ILHOG GDWD� ZLWK WKH H[FHSWLRQ RI VSULQJ VDPSOLQJ�

2YHUDOO� WKH VLPXODWLRQ RI ''( DQG OLQGDQH LQ WKH IORRGHG OLPHVWRQH TXDUU\ ZDV VLPXODWHG
ZLWK FRQILGHQFH XVLQJ WKH PRGHO 5(&29(5<� 7KH FRQILUPDWLRQ DSSOLFDWLRQ ZDV SHUIRUPHG ZLWK
PLQLPXP FDOLEUDWLRQ� ,Q DGGLWLRQ� YHU\ IHZ GDWD ZHUH QHHGHG WR DFFRPSOLVK WKH WDVN�
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PL[HG VHGLPHQW

)LJXUH �� /LQGDQH FRQFHQWUDWLRQ LQ ZDWHU )LJXUH �� /LQGDQH FRQFHQWUDWLRQ LQ

PL[HG VHGLPHQW

)LJXUH �� ''( FRQFHQWUDWLRQ LQ
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� &RQFOXVLRQV

7KH PRGHO GHVFULEHG KHUHLQ DOORZV IRU D UDSLG DQDO\VLV RI UHFRYHU\ VFHQDULRV IRU
FRQWDPLQDWHG VHGLPHQWV DQG FDS HYDOXDWLRQV� 7KH PRGHO FDQ EH DSSOLHG LQ D YDULHW\ RI VLWXDWLRQV
LQFOXGLQJ ODNHV� HPEDQNPHQWV� KDUERUV� HVWXDULHV� DQG RFHDQ SDUFHOV DV ORQJ DV WKH DVVXPSWLRQ RI D
FRPSOHWHO\ PL[HG ZDWHU ERG\ LV DFFHSWDEOH DORQJ ZLWK WKH RWKHU PRGHO DVVXPSWLRQV� $YHUDJH \HDUO\
IOXVKLQJ ZRXOG EH QHHGHG LQ DQ\ RI WKH DSSOLFDWLRQV DERYH� LQ DGGLWLRQ WR WKH RWKHU FKHPLFDO DQG
SK\VLFDO SDUDPHWHUV IRU D ZHOOïGHILQHG VLPXODWLRQ�

7KH PRGHO ZDV YHULILHG DJDLQVW ODERUDWRU\ DQG ILHOG H[SHULPHQWV� 7KH FRQILUPDWLRQ VKRZV
WKH DELOLW\ RI WKH SURJUDP WR VLPXODWH EHKDYLRU RI RUJDQLFV LQ D UHDO V\VWHP ZLWK D OLPLWHG DPRXQW RI
GDWD� 5HVXOWV DUH VLPLODU WR WKRVH SUHGLFWHG E\ DQRWKHU PRGHO DQG WKXV DSSHDU WR GHPRQVWUDWH WKH
YDOLGLW\ RI WKH DOJRULWKPV XVHG WR GHVFULEH WKH IDWH DQG WUDQVSRUW RI RUJDQLFV�

7KH 5(&29(5< PRGHO ZDV OLPLWHG WR PHDVXUDEOH V\VWHP SDUDPHWHUV� EDVHG RQ NQRZQ
SK\VLFDO DQG FKHPLFDO SURFHVVHV� 3ORWV JHQHUDWHG E\ WKH PRGHO SURYLGHG D UHDVRQDEOH ILW WR WKH
H[SHULPHQWDO GDWD� ZLWK IHZ H[FHSWLRQV� ,Q LQVWDQFHV ZKHUH WKH PRGHO GLG QRW HVWLPDWH GHVRUSWLRQ
YDOXHV� WUHQGV WKDW ZHUH VLPLODU WR WKRVH REVHUYHG LQ WKH H[SHULPHQWDO GDWD ZHUH SUHGLFWHG�

7KH 5(&29(5< PRGHO FDQ EH XVHG WR SUHGLFW FRQWDPLQDQW GHVRUSWLRQ� ,QFRUSRUDWLQJ HDVLO\
PHDVXUHG RU HVWLPDWHG SDUDPHWHUV LQ WKH PRGHO HQKDQFHG DQG LPSURYHG WKH FDSDELOLW\ IRU SUHGLFWLQJ
GHVRUSWLRQ RI FRQWDPLQDQWV IURP VHGLPHQWV�
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5HIHUHQFHV

%DQNV� 5� %� ������� ´6RPH IHDWXUHV RI ZLQG DFWLRQ RQ VKDOORZ ODNHV�µ -� (QYLURQ� (QJU� 'LY�
$6&(� ����((��� ���ï����

%DQNV� 5� %�� DQG +HUUHUD� )� )� ������� µ(IIHFW RI ZLQG DQG UDLQ RQ VXUIDFH UHDHUDWLRQ�µ -� (QYLURQ�
(QJU� 'LY�� $6&(� ����((��� ���ï����

%HUQHU� 5� $� ������� (DUO\ GLDJHQHVLV� 3ULQFHWRQ 8QLYHUVLW\ 3UHVV� 3ULQFHWRQ� 1-�

%R\HU� -� 0�� &KDSUD� 6� &�� 5XL]� &� (�� DQG 'RUWFK� 0� 6� ������� ´5(&29(5<� $ PDWKHPDWLFDO
PRGHO WR SUHGLFW WKH WHPSRUDO UHVSRQVH RI VXUIDFH ZDWHU WR FRQWDPLQDWHG VHGLPHQWV�µ 7HFKQLFDO
5HSRUW :ï��ï��8�6� $UP\ (QJLQHHU :DWHUZD\V ([SHULPHQW 6WDWLRQ� 9LFNVEXUJ� 06�

&KDSUD� 6� &� ������� ´/RQJïWHUPPRGHOV RI LQWHUDFWLRQ EHWZHHQ VROLGV DQG FRQWDPLQDQWV LQ ODNHV�µ
3K�'� GLVV�� 7KH 8QLYHUVLW\ RI 0LFKLJDQ� $QQ $UERU�

BBBBBBB � ������� 6XUIDFH ZDWHUïTXDOLW\ PRGHOLQJ�0F*UDZï+LOO� 1HZ <RUN�

&KDSUD� 6� &�� DQG 5HFNKRZ� .� +� ������� (QJLQHHULQJ DSSURDFKHV IRU ODNH PDQDJHPHQW� 9RO� ��
0HFKDQLVWLF PRGHOLQJ� $QQ $UERU 6FLHQFH�%XWWHUZRUWK� :REXUQ� 0$�

'L 7RUR� '� 0�� DQG 3DTXLQ� 3� 5� ������� ´7LPH YDULDEOH PRGHO RI WKH IDWH RI ''( DQG OLQGDQH LQ D
TXDUU\�µ 3UHVHQWHG DW WKH 6RFLHW\ RI (QYLURQPHQWDO 7R[LFRORJ\ DQG &KHPLVWU\� �UG $QQXDO
0HHWLQJ �1RYHPEHU ������ $UOLQJWRQ� 9$�

+RZDUG� 3� +�� %RHWKOLQJ� 5� 6�� -DUYLV� :� )�� 0H\ODQ� :� 0�� DQG 0LFKDOHQNR� (� 0� �������
+DQGERRN RI HQYLURQPHQWDO GHJUDGDWLRQ UDWHV� +HDWKHU 7DXE 3ULQWXS� HG�� /HZLV 3XEOLVKHUV� ,QF��
&KHOVHD� 0,�

.DULFNKRII� 6� :�� %URZQ� '� 6�� DQG 6FRWW� 7� $� ������� ´6RUSWLRQ RI K\GURSKRELF SROOXWDQWV RQ
QDWXUDO VHGLPHQWV�µ:DWHU 5HVHDUFK ������ï����

0DQKHLP� )� 7�� DQG :DWHUPDQ� /� 6� ������� ´'LIIXVLPHWU\ �GLIIXVLRQ FRQVWDQW HVWLPDWLRQ� RQ
VHGLPHQW FRUHV E\ UHVLVWLYLW\ SUREH�µ ,QLWLDO 5HSRUWV RI WKH 'HHS 6HD 'ULOOLQJ 3URMHFW ������ï����

0LOOV� :� %�� 'HDQ� -� '�� 3RUFHOOD� '� %�� *KHULQL� 6� $�� +XGVRQ� 5� -� 0�� )ULFN� :� (�� 5XSS� *�
/�� DQG %RZLH� *� /� ������� ´:DWHU TXDOLW\ DVVHVVPHQW� $ VFUHHQLQJ SURFHGXUH IRU WR[LF DQG
FRQYHQWLRQDO SROOXWDQWV� 3DUW ,�µ (3$ï�����ï��ï���D�7HWUD 7HFK� ,QF�� (QY� 5HV� /DE�� 2IILFH RI
5HVHDUFK DQG 'HYHO�� 86(3$� $WKHQV� *$�

7KRPDQQ� 5� 9�� DQG 0XHOOHU� -� $� ������� 3ULQFLSOHV RI VXUIDFH ZDWHU TXDOLW\ PRGHOLQJ DQG
FRQWURO� +DUSHU 	 5RZ� 1HZ <RUN�

:D\EUDQW� 5� &� ������� ´)DFWRUV FRQWUROOLQJ WKH GLVWULEXWLRQ DQG SHUVLVWHQFH RI OLQGDQH DQG ''( LQ
OHQWLF HQYLURQPHQWV�µ 3K�'� WKHVLV� 3XUGXH 8QLYHUVLW\� 8QLYHUVLW\ 0LFURILOPV� $QQ $UERU� 0,�



$�

$SSHQGL[ $
1RWDWLRQ

$Z  VXUIDFH DUHD RI ZDWHU� P��

$P  VXUIDFH DUHD RI PL[HG VHGLPHQW� P��

FL  LQIORZ FRQFHQWUDWLRQ� PJ�P��

FP  FRQFHQWUDWLRQ RI FRQWDPLQDQW LQ PL[HG VHGLPHQWV� PJ�P��

FPR  LQLWLDO FRQFHQWUDWLRQ RI FRQWDPLQDQW LQ PL[HG VHGLPHQWV� PJ�P��

FV  FRQWDPLQDQW FRQFHQWUDWLRQ LQ WKH GHHS VHGLPHQWV� PJ�P��

FVR  LQLWLDO FRQWDPLQDQW FRQFHQWUDWLRQ LQ WKH GHHS VHGLPHQWV� PJ�P��

FV���  FRQWDPLQDQW FRQFHQWUDWLRQ DW WKH WRS RI WKH GHHS FRQWDPLQDWHG OD\HU� PJ�P��

FZ  FRQFHQWUDWLRQ RI FRQWDPLQDQW LQ ZDWHU� PJ�P��

FZR  LQLWLDO FRQFHQWUDWLRQ RI FRQWDPLQDQW LQ ZDWHU� PJ�P��

'P  PROHFXODU GLIIXVLYLW\ LQ WKH VHGLPHQW SRUH ZDWHU� P��\HDU�

'V  GLIIXVLRQ UDWH LQ WKH VHGLPHQW SRUH ZDWHU� P��\HDU�

IRF  ZHLJKW IUDFWLRQ RI RUJDQLF FDUERQ LQ WKH VROLG PDWWHU� JïRUJ&�J�

)GS  IUDFWLRQ RI FRQWDPLQDQW PDVV LQ VHGLPHQW GLVVROYHG LQ WKH SRUH ZDWHU�
GLPHQVLRQOHVV�

)GSP  IUDFWLRQ RI FRQWDPLQDQW PDVV LQ PL[HG VHGLPHQW OD\HU GLVVROYHG
LQ WKH SRUH ZDWHU� GLPHQVLRQOHVV�

)GSV  IUDFWLRQ RI FRQWDPLQDQW PDVV LQ GHHS VHGLPHQW OD\HU GLVVROYHG
LQ WKH SRUH ZDWHU� GLPHQVLRQOHVV�

)GZ  IUDFWLRQ RI FRQWDPLQDQW LQ WKH ZDWHU FROXPQ LQ GLVVROYHG IRUP� GLPHQVLRQOHVV�

)SZ  IUDFWLRQ RI FRQWDPLQDQW LQ WKH ZDWHU FROXPQ LQ SDUWLFXODWH IRUP� GLPHQVLRQOHVV�

+H  +HQU\·V FRHIILFLHQW� GLPHQVLRQOHVV�

+H·  +HQU\·V FRHIILFLHQW� DWP P��PROH�

-  PDVV IOX[ RI WKH FRQWDPLQDQW� J�P�ï\HDU�

-PV  PDVV IOX[ RI WKH FRQWDPLQDQW IURP WKH PL[HG OD\HU WR WKH VHGLPHQW OD\HU� J�P�ï\HDU�

NP  GHFD\ UDWH FRQVWDQW RI WKH FRQWDPLQDQW LQ WKH PL[HG OD\HU� \HDUï��



$�

NV  GHFD\ UDWH FRQVWDQW RI WKH FRQWDPLQDQW LQ WKH GHHS VHGLPHQWV� \HDUï��

NY  YRODWLOL]DWLRQ UDWH RI FRQWDPLQDQW� \HDUï��

NZ  GHFD\ UDWH FRQVWDQW RI WKH FRQWDPLQDQW LQ WKH ZDWHU� \HDUï��

.G  HTXLOLEULXP SDUWLWLRQLQJ FRHIILFLHQW� /�NJ�

.GV  FRQWDPLQDQW SDUWLWLRQLQJ FRHIILFLHQW LQ WKH VHGLPHQW� P��J�

.GZ  FRQWDPLQDQW SDUWLWLRQLQJ FRHIILFLHQW LQ WKH ZDWHU� P��J�

.J  JDVïILOPPDVV WUDQVIHU FRHIILFLHQW� P�\HDU�

.O  OLTXLGïILOPPDVV WUDQVIHU FRHIILFLHQW� P�\HDU�

.RZ  RFWDQROïZDWHU SDUWLWLRQLQJ FRHIILFLHQW� �PJ�P�ïRFWDQRO���PJ�P�ïZDWHU��

/  GLVWDQFH IURP WRS RI WKH PL[HG OD\HU WR ERWWRP RI WKH FRQWDPLQDWHG OD\HU� P�

0:  PROHFXODU ZHLJKW� J�JPROH�

4  IOXVKLQJ IORZ UDWH� P��\HDU�

5  XQLYHUVDO JDV FRQVWDQW� DWP P���PROH E.��

VZ  VXVSHQGHG VROLGV FRQFHQWUDWLRQ LQ WKH ZDWHU� J�P��

W  WLPH� \HDUV�

7  DEVROXWH WHPSHUDWXUH� E.�

8Z  ZLQG VSHHG� P�V�

YE  EXULDO YHORFLW\� P�\HDU�

YG  GLIIXVLRQ PDVVïWUDQVIHU FRHIILFLHQW DW WKH VHGLPHQWïZDWHU LQWHUIDFH� P�\HDU�

YU  UHVXVSHQVLRQ YHORFLW\ RI VHGLPHQWV� P�\HDU�

YV  VHWWOLQJ YHORFLW\ RI SDUWLFXODWH PDWWHU� P�\HDU�

YY  YRODWLOL]DWLRQ WUDQVIHU FRHIILFLHQW� P�\HDU�

9P  YROXPH RI PL[HG OD\HU� P��

9Z  YROXPH RI ZDWHU ERG\� P��

:  H[WHUQDO ORDGV� NJ�\HDU�

]  GHSWK LQWR WKH VHGLPHQW� P�

]·  FKDUDFWHULVWLF OHQJWK RYHU ZKLFK WKH FRQFHQWUDWLRQ JUDGLHQW H[LVWV DW WKH
VHGLPHQWïZDWHU LQWHUIDFH� P�

]P  WKLFNQHVV RI PL[HG OD\HU� FP�

]Z  GHSWK RI ZDWHU FROXPQ� P�

¬  VHGLPHQW SRURVLW\� GLPHQVLRQOHVV�

¬P  PL[HG VHGLPHQW OD\HU SRURVLW\� GLPHQVLRQOHVV�

¬V  GHHS VHGLPHQW OD\HU SRURVLW\� GLPHQVLRQOHVV� DQG

US  GHQVLW\ RI VHGLPHQW SDUWLFOHV� J�P��
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UN CLAS SI FIED    UN CLAS SI FIED

This re port de scribes a screening- level model (RE COV ERY) used to as sess the long- term im pact of con tami -
nated bot tom sedi ments on sur face wa ters. The model cou ples con tami nated in ter ac tion be tween the wa ter col umn
and the bot tom sedi ment, as well as be tween the con tami nated and clean bot tom sedi ments. The analy sis is inten ded
pri mar ily for or ganic con tami nates with the as sump tion that the wa ter col umn is well mixed. The con tami nant is as -
sumed to fol low lin ear, re versi ble, equi lib rium sorp tion and first- order de cay ki net ics. The physi cal rep re sen ta tion of 
a sys tem con sists of a well- mixed wa ter col umn (i.e., zero- dimensional) un der lain by a ver ti cally strati fied sedi ment
col umn (i.e., one- dimensional). The sedi ment is well- mixed hori zon tally but seg mented ver ti cally into a well- mixed
sur face (ac tive) layer and deep sedi ment. The deep sedi ment is seg mented into varia bly con tami nated and clean sedi -
ment re gions. Proc esses in cor po rated in the model are sorp tion, de cay, vola tili za tion, bur ial, re sus pen sion, set tling,
bio tur ba tion, and pore- water dif fu sion. The so lu tion cou ples con tami nant mass bal ance in the wa ter col umn and in
the mixed sedi ment layer along with dif fu sion in the deep sedi ment lay ers. The model was veri fied against labo ra -
tory and field data, as well as against an ana lyti cal so lu tion for the wa ter and mixed sedi ment lay ers. These com pari -
sons in di cate that the model can be used as an as sess ment tool for evalu at ing re me dia tion al ter na tives for
con tami nated bot tom sedi ments.
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